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Abstract 
Influence of TiO2 nanoparticle lubricant additive on the load carrying capacity of a journal bearing is studied. Increase in 
lubricant viscosity due to presence of TiO2 nanoparticles is modelled using a modified Krieger-Dougherty viscosity model. 
Validity of modified Krieger-Dougherty model in simulating the viscosities of TiO2 nanoparticle dispersions in engine oil is 
experimentally verified. The pressure distribution and load carrying capacity are theoretically evaluated using a modified 
Reynolds equation for various TiO2 nanoparticle concentrations and aggregate sizes. Results reveal an increase in load carrying 
capacity of journal bearing using TiO2 nanoparticle lubricant additive as compared to plain oils without nanoparticle additive. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Gokaraju Rangaraju Institute of Engineering and Technology (GRIET). 
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1. Introduction 
Minimizing energy loss due to friction will result in enhanced machinery efficiency and a significant reduction in 
energy consumption. This is particularly true in the key areas of power generation, transportation, and industrial 
processes; where it has been reported by Akbulut (2012) that energy savings of approximately 11% of annual energy 
loss could be achieved with better tribological practices. Over the last two decades, tribologists have used 
nanoparticles as lubricant additives to reduce friction and wear between contact surfaces. These studies have 
reported significant reduction in friction and wear in the boundary lubrication regime. Various mechanisms have 
© 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
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Selection and peer review under responsibility of the Gokaraju Rangaraju Institute of Engineering and Technology (GRIET)
1052   K.G. Binu et al.  /  Procedia Materials Science  6 ( 2014 )  1051 – 1067 
been identified by which nanoparticle additives reduce friction and wear. Lee et al. (2009) has classified these 
mechanisms as direct and indirect effects of nanoparticle additives on friction and wear. In direct or primary effects, 
studies by Rapoport et al. (2002), Chinas-C and Spikes (2003), and Wu et al. (2007) revealed that nanoparticle 
additives play the role of ball bearings between the friction surfaces, thereby reducing friction and wear. 
 
Nomenclature 
 
a  Radii of primary nanoparticles (nm) 
aa  Radii of aggregate nanoparticles (nm) 
C  Radial clearance (m) 
D  Fractal index 
e  Eccentricity (m) 
F  Friction force (N) 
F  Non-dimensional friction force, 
bl
FC
F
URLP  
h  Film thickness (m), coshC C e T   
h  Non-dimensional film thickness, 1 coshh
C
H T    
L  Length of the bearing (m) 
p  Lubricant film pressure (N/m2) 
p  Non-dimensional film pressure, 
2
bl
pCp URP  
R  Radius of the journal (m) 
S  Sommerfeld number 
U  Tangential velocity of the journal (m/s), U RZ  
, rr WW  Radial component of load carrying capacity (N), 
2
3
bl
r
r
C
W
R L
W
ZP  
, tWtW  Tangential component of load carrying capacity (N),  
2
3
bl
t
t
C
W
R L
W
ZP  
,WW  Load carrying capacity (N), 
2
3
bl
WC
W
R LZP  
x  Bearing coordinates in the circumferential direction (m), x RT  
z  Bearing coordinates in the axial direction (m), z zL  
blP  Viscosity of plain engine oil (Pa-s) 
nlP  Viscosity of the nanolubricant (Pa-s) 
P  Non-dimensional relative viscosity, nl
bl
P
PP    
I  Nanoparticle volume fraction 
aI  Effective volume fraction 
mI  Maximum particle packing fraction 
*I  Viscosity percolation threshold (critical volume fraction at which viscosity approaches infinity) 
T  Angular coordinate (rad) 
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H  Eccentricity ratio, e
C
H   
mT  Starting of the cavitation zone (rad) 
Z  Angular velocity of the journal (rad/s) 
\  Attitude angle (rad) 
> @K  Intrinsic viscosity 
 
Further studies by Hu et al. (2002), Ginzburg et al. (2002), and Xiaodong et al. (2007)   showed that nanoparticle 
additives also form a protective coating over friction surfaces. In indirect or secondary effects, Liu et al. (2004) 
reports the formation of nanoparticle additive depositions on the friction surfaces which compensate the loss of 
material. Nanoparticle additives are also found to reduce the roughness of friction surfaces due to their abrasive 
action as reported by Tao et al. (1996).  Even though the influence of nanoparticle lubricant additives on boundary 
lubrication regime is well documented, there is a definite lack of published data regarding their influence on 
hydrodynamic lubrication regime. Nair et al. (2009) has theoretically studied the influence of nanoparticle additives 
on journal bearings using finite element approach. Shenoy et al. (2012) has studied the effects of nanoparticle 
lubricant additives on the performance of externally adjustable fluid film bearing. The above studies by Nair et al. 
(2009) and Shenoy et al. (2012), which reports an increase in load carrying capacity and stability of journal bearings 
using nanoparticle-dispersed lubricant, makes use of the viscosity data reported by Wu et al.(2007) for TiO2, CuO 
and nano-diamond dispersions in base oil to compute the bearing characteristics. However, they do not consider the 
variation in lubricant viscosity with changes in nanoparticle concentrations and the effect of nanoparticle size and its 
aggregation properties. 
 
Over the years, many theoretical models have been developed to simulate the viscosities of particle suspensions. 
The first viscosity model for particle suspensions was provided by Einstein (1956) for very low particle volume 
fractions ofI  ≤ 0.01 as: 
1 2.5nl
bl
PP IP  
  (1) 
The Einstein model was later extended for fluids with moderate particle volume fractions by Brinkman (1952) 
and is given as: 
2.5
1
(1 )
nl
bl
PP P I  
                (2) 
For volume fractions I ≥ 0.01, Batchelor (1977) derived a model considering the hydrodynamic interactions 
between particles as: 
21 2.5 6.5nl
bl
PP I IP   
          (3) 
More recently, Bicerano et al.(1999) provided a generalized model for particle suspensions applicable for all 
classes of volume fractions as: 
1054   K.G. Binu et al.  /  Procedia Materials Science  6 ( 2014 )  1051 – 1067 
2 2
* * *1 1 0.4 0.34
nl
bl
P I I IP P I I I

    ª º§ · § · § ·« »¨ ¸ ¨ ¸ ¨ ¸© ¹ © ¹ © ¹¬ ¼                 (4)  
Kole and Dey (2011) studied the shear viscosity variation of CuO nanoparticle dispersion in gear oil. The study 
identified a modified version of Krieger-Dougherty viscosity model to simulate viscosities which were in close 
agreement with experimental measurements. The Krieger-Dougherty equation for shear viscosity of particle 
dispersions was presented by Krieger (1959) as: 
[ ]
1
m
nl
bl m
K IP IP P I

  § ·¨ ¸© ¹      (5) 
where, mI is the maximum particle packing fraction, which is approximately 0.605 at high shear rates as reported 
by Kole and Dey (2011). [ ]K  is the intrinsic viscosity, whose typical value as specified by Kole and Dey (2011), and 
Mahbubul et al. (2012)  for mono disperse suspensions of hard spheres is 2.5. Equation-5 was later modified by 
Chen et al. (2007) to consider the packing fraction within the nanoparticle aggregate structure. The modified 
Krieger-Dougherty equation was then expressed as: 
2.5
1
m
nl a
bl m
IP IP P I

  § ·¨ ¸© ¹                          (6) 
3 D
a
a
a
a
I I

 § ·¨ ¸© ¹                  (7) 
This study aims to experimentally study the variation in lubricant viscosity with increasing concentrations of 
TiO2 nanoparticle additives. Among various nanofluid viscosity models in use, the one which closely simulates the 
experimental viscosities, obtained using a rheometer, is identified and used in the bearing analysis. The appropriate 
nanofluid viscosity model is then used to theoretically investigate the influence of viscosity variation of TiO2 
nanoparticle dispersed engine oil on load carrying capacity of a journal bearing. The variation in viscosity of engine 
oil is studied for both increases in TiO2 nanoparticle concentrations as well as increases in aggregate sizes. The 
particle size distribution of TiO2 nanoparticle dispersion in engine oil is studied using DLS particle size analysis. 
The load carrying capacity and hydrodynamic friction force for journal bearings operating on engine oil with various 
concentrations of TiO2 nanoparticle additives and TiO2 nanoparticle aggregation sizes are theoretically computed 
and compared with the results for plain engine oil without nanoparticle additive.  
2. Experimental Study 
TiO2 nanoparticles used in this study are purchased from Sigma-Aldrich, Bangalore – India. The particles are of 
size < 100 nm (BET) with a purity of 99.5% trace metal basis. The purchased nanoparticles are subjected to an acid 
wash procedure reported by Li et al. (2010) to remove SiO2 coating from the nanoparticle surfaces. Li et al. (2010) 
had reported the presence of SiO2 coating on commercially available TiO2 nanoparticles. Presence of SiO2 coating 
reportedly hindered the surfactant adsorption on to the particle surface, thereby reducing dispersion stability. The 
acid washed nanoparticles are then dispersed in SAE30 engine oil. The dispersion is subjected to ultrasonication and 
mechanical agitation to break down aggregate particles and disperse them as a uniform suspension. Oleic acid is 
used as a surfactant in the dispersion process to prevent nanoparticle agglomeration and thus improve the dispersion 
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stability of TiO2 nanoparticles. Using this procedure, TiO2 nanoparticle dispersions in engine oil (hereafter referred 
in this study as TiO2 based nanolubricant) at very low volume fractions, ranging from 0.0001 to 0.005, is prepared. 
The prepared samples exhibit good dispersion stability for 75 days.  
 
The nanolubricant samples with different TiO2 volume fractions are then subjected to an experimental shear 
viscosity analysis to study the variation in shear viscosities with increasing TiO2 nanoparticle concentrations. Shear 
viscosity measurements are carried out using a rotational rheometer. Viscosity variation of each nanolubricant 
sample is measured with a continuous strain rate up to 40 s-1. A total of 40 readings are taken at an interval of 4 s. A 
cone and plate geometry, of angle 4° and 40 mm diameter, is used in the study. The temperature of the selected 
geometry is controlled with an integrated Peltier plate temperature control unit. Viscosity measurements are carried 
out at a temperature range of 10 °C to 80 °C in steps of 10 °C (± 0.1°C).  
 
The particle size distribution of TiO2 nanoparticles dispersed in engine oil after ultrasonication and mechanical 
agitation is determined using the DLS particle size analysis. A DLS particle size analyser is used to obtain the 
particle size distributions of TiO2 based nanolubricant samples at various volume fractions. Each sample is subjected 
to three trials and the average value is computed. Readings are taken at an ambient temperature of 25 °C.  
 
3. Theoretical Analysis 
The modified Reynolds equation for a plain journal bearing considering steady state incompressible fluid flow is 
expressed as: 
3 3 6
p p h
h h U
x x z z x
Pw w w w w  w w w w w
ª º ª º« » « »¬ ¼ ¬ ¼   (8) 
The non-dimensional form of the governing equation is then expressed as: 
2
3 3
2 6
p R p h
h h
L z z
PT T T
w w w w w  w w w w w
§ · ª ºª º ¨ ¸ « »« »¬ ¼ ¬ ¼© ¹   (9) 
where, nl
b l
PP P is the non-dimensional relative viscosity, nl
P is the nanolubricant viscosity, which corresponds 
to TiO2 based nanolubricant, and blP is the viscosity of base lubricant, which corresponds to SAE30 engine oil.  
3.1. Viscosity model 
The non-dimensional relative viscosities for various samples of TiO2 based nanolubricants, with different TiO2 
volume fractions and particle sizes, are evaluated using the modified Krieger-Dougherty viscosity model expressed 
as Equations- 6 & 7. 
3.2. Pressure boundary conditions 
The well known Reynolds pressure boundary conditions are employed in the analysis. Pressures at the bearing 
edges are set to zero. The extents of positive pressures are identified during computation and the negative pressures 
are set to zero. The pressure boundary conditions are then expressed as:  
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0 0,1p at z    (10) 
0 0p at T    (11) 
0 m
p
p at T TT
w   w    (12)  
0 2mp at T T S d d   (13)        
3.3. Load carrying capacity 
The load carrying capacity of the journal bearing is expressed in the non-dimensional form as: 
   2 2 23 r t
bl
WC
W W W
R LP Z  
  (14) 
where, rW and tW  are the components of load carrying capacity along and tangential to the line of centers 
respectively. The component loads are expressed as follows: 
1
0 0
2
3 cos
m
r
r
bl
W C
W
R L
p d d z
T
P Z T T  ³ ³   (15) 
1
0 0
2
3 sin
m
t
t
bl
W C
W d d z
R L
p
T
TP Z T  ³ ³   (16) 
The attitude angle is then computed as: 
1tan t
r
W
W
\  § ·¨ ¸© ¹   (17) 
3.4. Friction Force 
The friction force is obtained by integrating shear stress across the bearing area. The friction force is expressed in 
its non-dimensional form as: 
1
0 0 2
c
bl
FC
F
URL
h p
d dz
h
T
P
P TT  
w w
ª º« »¬ ¼³ ³   (18) 
The friction parameter is then obtained as: 
R F
f
C W
 § ·¨ ¸© ¹   (19) 
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3.5. Numerical solution 
The pressure distribution within the fluid film is obtained by numerically solving the governing Reynolds 
equation, expressed in the form of Equation-9, using finite difference method. A computational code is developed to 
solve the resulting set of simultaneous equations using Gauss-Seidel method with successive over relaxation. For the 
pressure boundary conditions mentioned in Equations-(10-13), iterations are carried out till the pressure 
convergence criterion is met. Load carrying capacity and friction force are then numerically evaluated from the 
pressure distributions.   
3.6. Validation 
The numerical scheme employed in the analysis is validated by comparing the results obtained with results 
reported by Pinkus and Sternlicht (1961). For the limiting condition of volume fraction 0I  , parameters such as: 
Sommerfeld number S, ratio of maximum pressure to unit bearing load (Po / P), and attitude angle \ are computed 
and compared with Pinkus and Sternlicht (1961).  
4. Results and discussions 
The morphological and chemical characterization of the purchased TiO2 nanoparticles are carried out using 
scanning electron microscopy and Fourier transform infra red spectroscopy. Figure-1 presents the SEM micrographs 
of TiO2 nanoparticles; before and after acid treatment. It is observed from Figure-1 that, TiO2 nanoparticles of 
primary size < 100 nm are present as large aggregates of size < ~ 1 mP . The acid wash process is found to have no 
impact on the particle size. 
 
Figure-2 presents the FT-IR spectrum for dry TiO2 nanoparticles; before and after acid treatment. Comparing the 
obtained spectrum with the FT-IR spectrums presented by Li et al. (2010), it is observed that, spectrum peaks 
characteristic of SiO2 coatings, is observed between wavelengths 850 and 1000 cm-1.  These peaks are found to 
disappear after acid treatment which confirms the effectiveness of the acid wash process. 
 
 
Fig. 1. SEM images of TiO2 nanoparticles before and after acid wash with a magnification of 20 KX 
Considering the value of D = 1.8 for and mI = 0.605 for nanofluids as reported by Kole and Dey (2011), the 
modified Krieger-Dougherty viscosity model, expressed as Equation-6, further reduces to the form presented in 
Equation-20 given below: 
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Fig. 2.FT-IR spectrums of dry TiO2 nanoparticles before and after acid wash   
1.511.2
1
0.605
nl a
bl
a
a
P IP P

  § ·§ ·¨ ¸¨ ¸© ¹© ¹   
(20) 
To measure the packing fraction 
aa
a
§ ·¨ ¸© ¹ for TiO2 dispersions in engine oil, the prepared nanolubricant samples 
were subjected to DLS particle size analysis. Figure-3 presents the DLS particle size distributions for TiO2 based 
nanolubricant samples at volume fractions ranging from 0.0001 to 0.005. The analysis reveals a mean aggregate 
particle size (aa) of 777 nm, considering the peak distribution values of all measured volume fractions. Therefore, the 
aggregate packing fraction for TiO2 dispersions in engine oil could be considered as
aa
a
§ ·¨ ¸© ¹ = 7.77. This value is 
used in Equation-20 to theoretically simulate the shear viscosities of TiO2 based nanolubricant samples at various 
volume fractions and aggregate packing fractions. 
 
Figure-4 presents the simulated relative viscosities for TiO2 based nanolubricant samples using modified Krieger-
Dougherty model and other classical viscosity models mentioned in Equations-(1-4). In simulating the shear 
viscosities using modified Krieger-Dougherty model, TiO2 aggregate packing fraction of 7.77, obtained through 
DLS analysis, is employed. Figure-4 reveals an increase in relative viscosity with increasing TiO2 nanoparticle 
volume fraction. It is also observed in Figure-4 that, the modified Krieger-Dougherty model predicts much higher 
viscosity variations in comparison to the classical models. 
 
To validate the modified Krieger-Dougherty viscosity model, shear viscosities of TiO2 based nanolubricant 
samples at volume fractions of 0.0001 to 0.005 are measured using a rheometer as discussed in section-2. Figure-5 
presents the measured viscosities at different volume fractions together with those obtained using various viscosity 
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models. The experimental viscosities shown in Figure-5 are measured at a shear rate of 40 s-1 and a plate 
temperature of 30 °C. 
 
 
Fig. 3.DLS particle size distributions for TiO2nanoparticle dispersions in engine oil at various TiO2 concentrations expressed in volume fractions 
 It is observed from Figure-5 that, the modified Krieger-Dougherty viscosity model predicts viscosities which are 
in close agreement with experimentally measured viscosities. Figure-5 also shows that classical viscosity models 
severely underpredict the shear viscosity variation in comparison to modified Krieger-Dougherty viscosity model. A 
similar observation is also reported by Kole and Dey (2011) for CuO dispersion in gear oil. The analysis confirms 
that the packing fraction of nanoparticle aggregates play a major role in simulating shear viscosities of nanofluids. 
The fairly good agreement in measured viscosities with the simulated viscosities of modified Krieger-Dougherty 
model, considering an aggregate packing fraction of 7.77, also validates the DLS measurements.  
 
 
Fig. 4.Comparison of simulated shear viscosities of TiO2 dispersion in engine oil at different TiO2 volume fractions using various viscosity 
models 
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( )
 
Fig. 5.Comparison of experimentally measured shear viscosities of TiO2 based nanolubricant samples at different TiO2 nanoparticle volume 
fractions with simulated viscosities obtained using various suspension viscosity models 
Figure-6 illustrates the variation in relative viscosities of TiO2 based nanolubricant samples with TiO2 
nanoparticle aggregate packing fraction a
a
a
§ ·¨ ¸© ¹ . Figure-6 presents the shear viscosities computed using modified 
Krieger-Dougherty model at a constant volume fraction of 0.015I  and TiO2 aggregate packing fraction aa
a
§ ·¨ ¸© ¹
ranging from 4 to 12. As observed from Figure-6, the relative viscosities increase with higher packing fractions.  
 
 
 
Fig. 6.Variation in relative shear viscosities of TiO2 based nanolubricant at a volume fraction of 0.015 with increasing TiO2 nanoparticle 
aggregate packing fraction 
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Figure-7(a-d) compares the bearing parameters: attitude angle\ , ratio of maximum pressure to unit bearing load
oP
P
, Sommerfeld number S and friction parameter 
R
f
C
§ ·¨ ¸© ¹   obtained from the current study, with the published 
results of Pinkus and Sternlicht (1961). It is observed from Figure-7(a-d) that, the results obtained from the code are 
in good agreement with published results of Pinkus and Sternlicht (1961), thereby, validating the accuracy of the 
developed computational code.  
 
Figure-8 depicts the pressure distribution at the bearing mid-plane for various volume fractions of TiO2 
nanoparticle dispersion in engine oil. Figure-8 reveals an increase in fluid film pressure due to the addition of TiO2 
nanoparticle additives in engine oil. The increment in pressure is found to be more pronounced at higher volume 
fractions of TiO2 nanoparticle additives.  
 
Figure-9 presents the variation in fluid film pressure distribution at the bearing mid-plane for TiO2 based 
nanolubricant sample at a volume fraction of 0.015 with different nanoparticle aggregate packing fractions. As 
observed in Figure-9, the pressure distribution is found to increase with higher aggregate packing fractions.         
Figure-10 presents the variation in load carrying capacity with eccentricity ratio for different TiO2 nanoparticle 
concentrations expressed in volume fractions. It is observed from figure-10 that, the presence of TiO2nanoparticle 
lubricant additives results in an increase in load carrying capacity of journal bearings.  
 
 
 
Fig. 7(a-d).Comparison of bearing parameters obtained from current study with published results of Pinkus and Sternlicht (1961) 
Figure-11 illustrates the percentage increase in load carrying capacity for various TiO2 nanoparticle volume 
fractions as compared to plain engine oil. The study reveals a 40% increase in load carrying capacity for a TiO2 
nanoparticle additive concentration of 0.01 volume fraction as compared to plain engine oil. This increase in load 
carrying capacity is in agreement with the published results of Nair et al. (2009). The increase in load carrying 
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capacity is found to be more pronounced at higher volume fractions.  For a volume fraction of 0.015, the analysis 
reveals a 75% increase in load carrying capacity as compared to plain engine oil.  
 
Fig. 8.Pressure distribution profile at the bearing mid plane for different TiO2 nanoparticle concentrations with a constant TiO2 aggregate particle 
size of 777 nm (DLS) 
 
 
Fig. 9.Pressure distribution profile at the bearing mid plane for different TiO2 nanoparticle aggregate ratios  aa a at a constant volume 
fraction 0.015I   
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Figure-12 depicts the variation in friction force with eccentricity ratios for increasing concentrations of TiO2 
nanoparticle lubricant additives. As observed from Figure-12, the friction force is found to increase with increasing 
TiO2 volume fractions. Figure-13 depicts a 40% increase in friction force for 0.01 volume fraction of engine oil with 
TiO2 nanoparticle additives as compared to plain engine oil.  
 
As observed in Figure-6, the nanoparticle aggregate size significantly affects the resulting shear viscosities of 
nanoparticle suspensions. The DLS analysis presented in Figure-3 reveals that, TiO2 nanoparticles of         
primary size < 100 nm is present as aggregates of ~777 nm within the engine oil. Particle size analysis before and 
after shear viscosity measurements, where the dispersion is subjected to a maximum shear rate of 40 s-1 using a 
rheometer, reveals no change in the aggregate particle sizes. This is also reported to be true for CuO nanoparticle 
dispersion in gear oil by Kole and Dey (2011). Therefore, in bearing operating conditions where the hydrodynamic 
forces within the lubricant fluid film are not strong enough to break down the aggregate particles to its primary size, 
the aggregate particles themselves will form individual flow units and participate in the lubrication process.        
Chen et al. (2007) has reported that the aggregate particle sizes are dependent on the ultrasonication strength and 
duration of ultrasonication. Yu and Xie (2012) have reported that, aggregate particle size is also dependent on the 
surfactant used in the formulation of the dispersion and particle size is a critical variable in obtaining good 
dispersion stability for nanofluids. It appears that higher particle size would result in poor dispersion stability as they 
would decrease the sedimentation time. In another set of experiments by the authors it was observed that higher 
volume fractions of lubricant additives result in slurry like formulation which severely affects the flow of the 
lubricant. Therefore the volume fraction and particle size have to be optimized with regard to dispersion stability, 
flow property and the required load carrying capacity. 
 
 
Fig. 10.Variation in load carrying capacity for different volume fractions of TiO2 nanoparticle additives in engine oil 
 
 For a constant TiO2 nanoparticle additive concentration of 0.015 volume fraction, the load carrying 
capacity for different aggregate packing fractions 
aa
a
§ ·¨ ¸© ¹  are computed and depicted in Figure-14(a). Figure-14(a) 
reveals an increase in load carrying capacity with increasing packing fractions. Figure-14(b) illustrates the 
percentage variation in load carrying capacity with varying packing fractions in comparison to a packing fraction of 
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7.77 obtained using DLS analysis presented in Figure-3.The Figure-14(b) reveals a 35% increase in load carrying 
capacity for a packing fraction of 10 as compared to the current analysis value of 7.77. 
 
 
Fig. 11.Percentage variation in load carrying capacity of TiO2 based nanolubricant at different TiO2 nanoparticle volume fractions as compared to 
plain engine oil without nanoparticle additives 
The increase in load carrying capacity is found to be more pronounced at higher values of packing fractions. 
Increasing the packing fraction to 12 reveals an ~100% increase in load carrying capacity as compared to the current 
analysis packing fraction of 7.77. A similar variation in friction force is also observed for increasing packing 
fractions as depicted in Figures-15(a & b).  
 
 
 
Fig. 12.Variation in friction force with eccentricity ratio for TiO2 based nanolubricants at different TiO2 nanoparticle volume fractions 
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Fig. 13.Percentage variation in friction force for TiO2 based nanolubricant samples at different volume fractions as compared to plain engine oil 
without nanoparticle additives 
 
 
Fig. 14.(a) Variation in load carrying capacity for TiO2 based nanolubricant samples at a volume fraction of 0.015 with various aggregate packing 
fractions (b) Percentage variation in load carrying capacity for TiO2 based nanolubricant samples at a constant volume fraction of 0.015 and 
different aggregate packing fractions in comparison to the experimentally measured packing fraction of 7.77 
5. Conclusion 
A novel method for evaluating the load carrying capacity of journal bearings operating on lubricants containing 
nanoparticle additives is presented. The study reveals that, the variation in lubricant shear viscosity due to the 
nanoparticle additives can be accurately simulated using a modified Krieger-Dougherty viscosity model. The 
influence of shear viscosity variation of engine oil, due to the presence of TiO2 nanoparticle additives at volume 
fractions ranging from 0.005 to 0.025, on the load carrying capacity of a journal bearing is studied. The presence of 
TiO2 nanoparticles, even at low concentrations of 0.01 volume fraction is found to increase the load carrying 
capacity of journal bearings by 40% in comparison to plain engine oil without nanoparticle additives. The DLS 
particle size analysis reveals that TiO2 nanoparticles of primary size <~100 nm dispersed in engine oil forms 
aggregates of average size 777 nm, resulting in a particle packing fraction of 7.77. The load carrying capacity of the 
journal bearing operating on TiO2 based nanolubricant at a constant volume fraction is also found to increase with 
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higher nanoparticle aggregate packing ratios. Simulated results reveal that increasing the particle packing fraction 
from 7.77 to 10 will lead to a 35 % increase in load carrying capacity for a TiO2 nanoparticle concentration of 0.015 
volume fraction. However, further experimental studies are necessary to prove the influence of nanoparticle 
aggregates on dispersion stability and load carrying capacity. The influence of couple stress effects of nanoparticle 
additives on the load carrying capacity of journal bearings also needs to be studied.   
 
 
Fig. 15. (a) Variation in friction force for TiO2 based nanolubricant sample at a volume fraction of 0.015 with various aggregate packing fractions 
(b) Percentage variation in friction force for TiO2 based nanolubricant samples at a constant volume fraction of 0.015 and different aggregate 
packing fractions in comparison to experimentally measured packing fraction of 7.77 
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